Introduction
Gemcitabine and gemcitabine-based strategies are the standard chemotherapies for treating advanced tumors that are detected in the breast, lung or pancreas [1] [2] [3] . Unfortunately, in contrast to the overall declining trends of breast and lung cancer, the death rates of pancreatic cancer rose 0.3% per year from 2011 to 2015 [4] . Moreover, for patients with a late stage of pancreatic cancer, the 5-year survival rate is only 3% [4] . Therefore, it is important to develop novel strategies to fight pancreatic cancer.
One promising drug for the treatment of cancer is LW6, which was originally reported to inhibit hypoxia-inducible factor 1a activity [5, 6] . Unfortunately, there is no evidence if this drug is beneficial for the treatment of pancreatic cancer or if this drug can be used in combination with traditional chemotherapeutics such as gemcitabine.
A key process that has been reported to regulate the pathophysiology of cancer and the sensitivity to chemotherapy is macroautophagy (autophagy) [7, 8] . It is recognized as a regulated process that degrades damaged organelles and molecules in order to recycle necessary nutrients. Several studies have demonstrated that upregulated autophagy in pancreatic cancer enhances the tumor progression and has cytoprotective effects when chemotherapeutics, such as gemcitabine and fluorouracil, are applied [7, [9] [10] [11] . Recently, multiple studies have suggested that inhibition of autophagy might be used as an anti-cancer strategy [12] [13] [14] .
Thus, the present study evaluated whether the combination therapy of LW6 plus gemcitabine is a promising approach to treat pancreatic cancer. In addition, this study also investigated if LW6 enhances chemosensitivity to gemcitabine via the inhibition of autophagic flux.
Material and methods

Cell culture and reagents
The murine pancreatic adenocarcinoma cell line 6606PDA (a gift from Prof. Tuveson at the University of Cambridge, UK) and the MIA PaCa-2 cell line (human pancreatic cancer cell line purchased from ATCC, Manassas, USA) were cultured in the medium as reported previously [15] . To mimic hypoxic conditions, the cells were cultured in an Innova CO-48 incubator (New Brunswick Scientific Co, Edison, USA) with a 1% oxygen supply [15] . LW6 was purchased from Merck Millipore (Eschborn, Germany, code 400083) and was dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 25 mM. Gemcitabine and chloroquine (CQ) were purchased from Sigma-Aldrich (St. Louis, USA, with the codes G6423 and PHR1258, respectively) and were dissolved in phosphate-buffered saline (PBS) to a final concentration of 25 mM or 50 mM, respectively. All these solutions were stored at À20°C.
Western blotting
For western blots, 2.4 Â 10 5 cells per well were plated in a 6-well plate. After 24 h, the cells were treated with the appropriate drug for distinct time periods. In addition, in experiments analyzing autophagic flux with CQ, the cells were treated for a maximum of 6 h just before the harvest of the cells. The western blots were Fig. 1 . LW6 impairs pancreatic cancer cells under normoxic and hypoxic conditions. 6606PDA (A) and MIAPaCa-2 (B) cells were treated with the indicated concentrations of LW6 and were cultured under normoxic and hypoxic conditions for 30 h. The inhibition of cell proliferation by LW6 was not influenced by hypoxic conditions. P < 0.01 indicates a significant difference. performed as previously described [16] MIA PaCa-2 cells per well were plated in a glass-bottom dish (NEST, Wuxi, China, code 801001). On the following day, the cells were transfected with the ptfLC3 plasmid (Addgene, Cambridge, UK, code 21074), which was a kind gift from Tamotsu Yoshimori [17] , and Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, USA, code L3000001). After 24 h, the cells were treated with medium containing DMSO (Sham) or LW6 (80 mM for MIA PaCa-2, 160 mM for 6606PDA) for another 12 h and then were fixed with 4% formalin. The nuclei were stained with 4 0 6-diamidino-2-pheny lindole (DAPI). The images were acquired by a confocal microscope, Zeiss LSM 780 (Zeiss, Oberkochen, Germany), using the 60Â oil objective. Only cells that were transfected with the ptfLC3 plasmid were evaluated. To evaluate the ratio of autophagosomes/cell in each field, the following formula was used: autophagosomes/-cell = the number of yellow dots/the number of nuclei. Similarly, the ratio of autolysosomes/cell was defined as the number of red dots divided by the number of nuclei in each field. For each experiment, five fields per treatment were randomly acquired and evaluated. 
Analysis of cell proliferation and cell death
Syngeneic orthotopic carcinoma model
To evaluate the tumor weight, a 5 ll cell suspension that contained 2.5 Â 10 5 6606PDA cells was injected into the pancreas of C57BL/6J mice in accordance with the European Directive (2010/63/EU), and this procedure was approved by the local animal care committee (Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern). The details of the syngeneic orthotopic carcinoma model have been described in our previous study [18] . Blood samples for evaluating the concentration of alanine aminotransferase (ALT) and alanine transaminase (AST) were taken before the euthanasia of mice. Then, the ALT and AST activities were analyzed in the blood plasma using the Cobas c111 analyzer (Roche Diagnostics, Mannheim, Germany).
Statistical analysis
In Fig. 1 , the data are presented as the mean ± SD, and a twoway analysis of variance (with an inclusive Bonferroni test for post hoc comparison) was used to determine the significant differences in cell proliferation when the cells were cultured in hypoxic and normoxic conditions. In the other figures, the data are presented as the median (25th percentile and 75th percentile), and the Mann-Whitney U test was used to determine the difference between the two groups. In graphs that compare more than two groups, the differences were only considered to be significant when the P-value was lower than 0.05 divided by the number of meaningful comparisons (in order to correct for multiple comparisons using the Bonferroni correction) [19] . 
Results
LW6 inhibits proliferation and induces cell death in vitro
To clarify, if hypoxia is necessary to investigate the anti-cancer effects of LW6, 6606PDA and MIA PaCa-2 cells were cultured under normoxic and hypoxic conditions. Surprisingly, the inhibition of cell proliferation by LW6 was not influenced by the oxygen supply (Fig. 1) . Thus, the following experiments were performed under normoxic conditions.
To investigate the anti-cancer effects of LW6, the proliferation and cell death of 6606PDA and MIA PaCa-2 cells were analyzed. In both cell lines, LW6 inhibited proliferation ( Fig. 2A and 2B ) and induced cell death (Fig. 2C and D) in a dose-dependent manner. In 6606PDA and MIA PaCa-2 cells, the application of 80 mM and 160 mM LW6 significantly inhibited cell proliferation compared to Sham-treated or 40 mM LW6-treated cells, respectively ( Fig. 2A and B) . In 6606PDA cells, these concentrations of LW6 also significantly increased cell death (Fig. 2C) . In addition, LW6 had more efficient cytotoxic effects on MIA PaCa-2 cells than on 6606PDA cells. A dose of 80 mM LW6 killed almost 84% of the MIA PaCa-2 cells within 48 h (Fig. 2D) . Thus, in the following experiment, 80 mM LW6 was applied to 6606PDA cells, and 40 mM LW6 was applied to MIA PaCa-2 cells.
LW6 enhances chemosensitivity to gemcitabine in vitro
To analyze the feasibility of using LW6 in combination with traditional chemotherapeutics, the cell proliferation and cell death were evaluated after treating distinct pancreatic cancer cell lines with LW6 plus gemcitabine. Both monotherapies, 80 mM LW6 or 0.05 mM gemcitabine, significantly inhibited the proliferation of 6606PDA cells compared to the proliferation of the Sham-treated cells (Fig. 3A) . Moreover, LW6 plus gemcitabine significantly inhibited the proliferation of 6606PDA cells compared to the proliferation of the Sham-treated cells or of cells treated separately with each monotherapy (Fig. 3A) . Similar results were obtained after treating MIA PaCa-2 cells with 40 mM LW6 plus 0.05 mM gemcitabine (Fig. 3B) .
In addition, monotherapy with either 80 mM LW6 or 0.05 mM gemcitabine significantly induced 6606PDA cell death (Fig. 3C) and increased the accumulation of cleaved caspase 3 (Fig. 4A) compared to those of the Sham-treated cells. Moreover, the combined therapy of LW6 plus gemcitabine also significantly induced 6606PDA cell death (Fig. 3C) and increased the accumulation of cleaved caspase 3 (Fig. 4A ) compared to those of the Shamtreated cells or those of cells treated with each monotherapy. Very similar results were obtained with MIA PaCa-2 cells when using the trypan blue assay. The application of 40 mM LW6 or 0.05 mM gemcitabine significantly increased the levels of MIA PaCa-2 cell death compared to that of Sham-treated cells (Fig. 3D) . In addition, the combination therapy of LW6 plus gemcitabine also significantly induced cell death compared to the cell death induced by either the Sham treatment or treatment with each monotherapy (Fig. 3D) . However, LW6 failed to increase the accumulation of cleaved caspase 3 compared to that of the Sham-treated cells, and LW6 reduced gemcitabine-induced cleavage of caspase 3 in MIA PaCa-2 cells (Fig. 4B) .
LW6 in combination with gemcitabine impairs pancreatic cancer in vivo
To confirm the in vitro results, the combination therapy of LW6 plus gemcitabine was evaluated using a syngeneic orthotopic pancreatic cancer model (Fig. 5A) . Treatment with LW6 plus gemcitabine reduced the tumor volume and weight compared to treatment with LW6 or gemcitabine monotherapy (Fig. 5B and  C) . This combination therapy also significantly reduced the tumor weight compared to the tumor weight of Sham-treated mice (Fig. 5C) . The liver toxicity of each monotherapy as well as the combination therapy was also analyzed. Each therapy failed to significantly increase the activities of AST (Fig. 5D) and ALT (Fig. 5E) in the blood.
LW6 inhibits autophagic flux and enhances chemosensitivity to gemcitabine
To evaluate if and how autophagy might be involved in the observed synergism between LW6 and gemcitabine, LC3II and p62, two key proteins involved in autophagy, were analyzed. First, the influence of gemcitabine on autophagic flux was assessed. Gemcitabine had no major influence on the accumulation of LC3II and failed to decrease the accumulation of p62, when treating 6606PDA cells for 3 h (Fig. 6A), 6 h (Fig. 6B ) and 12 h (Fig. 6C ). This suggests that gemcitabine does not induce autophagic flux within 12 h. However, when blocking autophagic flux with CQ, LC3II and p62 accumulated in 6606PDA cells (Fig. 6A-C) . Interestingly, inhibition of autophagic flux by CQ (Fig. 6A-C) increased the chemosensitivity of 6606PDA cells to gemcitabine (Fig. 6D ) in a similar manner as has been demonstrated with LW6 (Fig. 3A) .
In order to evaluate, if and how LW6 influences the autophagic flux, the accumulation of LC3II and p62 was analyzed. We observed that 80 mM LW6 induced the accumulation of LC3II in a timedependent manner in 6606PDA cells as well as MIA PaCa-2 cells, with the strongest induction at 12 h (Fig. 7A and B) . Moreover, LW6 also induced the accumulation of LC3II in a dose-dependent manner in both cell lines (Fig. 7C and D) . Similar to LC3II, p62 also accumulated after treating the cells with LW6 ( Fig. 7E and F) . LW6 inhibited the accumulation of LC3II and p62 in a similar manner to CQ, a traditional inhibitor of autophagic flux after 6 h (Fig. 8A) as well as 12 h (Fig. 8B) . In addition, CQ in combination with LW6 failed to increase the accumulation of LC3II and p62, when compared to cells treated by LW6 monotherapy (Fig. 8 ). These data demonstrate that 80 mM LW6 completely blocks autophagic flux leading to increased accumulation of LC3II and p62.
To reaffirm that LW6 inhibits autophagic flux, tandem RFP-GFPtagged LC3 plasmids were transfected into cancer cells. In transfected 6606PDA and MIA PaCa-2 cells, autophagosomes and autolysosomes were identified based on their yellow or red fluorescence ( Fig. 9A and B) . Careful quantification demonstrated that LW6 significantly increased the number of autophagosomes and significantly decreased the number and percentage of autolysosomes in both cancer cell lines (Fig. 9C and D) . These results confirmed that LW6 inhibited autophagic flux. In addition, the accumulation of LC3II and p62 were measured to determine if LW6 blocked autophagic flux in gemcitabine-treated cells. Indeed, LW6 increased the accumulation of LC3II and p62 in the absence and the presence of gemcitabine (Fig. 10A) . Also in the presence of CQ, a minor increase in the accumulation of LC3II and p62 was observed after LW6 treatment (Fig. 10B ). All these data suggest that LW6 impaired autophagic flux and enhanced the chemosensitivity to gemcitabine (Fig. 11) . 
Discussion
For the first time, the present study demonstrated that LW6 combined with gemcitabine was beneficial in treating pancreatic cancer. In addition, this study also characterized a completely novel mechanism of action for LW6: the inhibition of autophagic flux.
To evaluate if LW6 regulates autophagic flux, we analyzed LC3II, p62, autolysosomes and autophagosomes in murine and human pancreatic cancer cell lines. The data demonstrated that LW6 caused the accumulation of LC3II, p62 and autophagosomes (Figs. 7-9 ), whereas it decreases the number of autolysosomes (Fig. 9) . All these results demonstrate that LW6 inhibited autophagic flux. In addition, we followed the guideline of monitoring autophagy to evaluate the drugs in combination with traditional inhibitors of autophagy such as CQ [20] . An additive or supraadditive effect in LC3-II levels may indicate that the drug enhances autophagic flux [20] . A drug, which increases the level of LC3-II on its own, but which induces a similar LC3-II level in the presence of CQ, when compared to the drug alone, may completely block autophagy [20] . Such an experiment was executed and the data also support the concept that LW6 inhibits the autophagic process (Fig. 8) . Although the experiments were performed following the guidelines for monitoring autophagy [20] and assessed autophagy with these three assays, there were still technical limitations. For example, LC3II is expressed in a tissue-and cell contextdependent manner and may also be associated with the membranes of non-autophagic structures [21] [22] [23] . A relatively stable indicator to determine autophagy is p62. However, its accumulation can sometimes be regulated independent of autophagy [24, 25] . In spite of these minor limitations, the present study demonstrates that LW6 inhibits autophagic flux. LW6 might block autophagic flux between the maturation of autophagosomes and the formation of autolysosomes [26] .
In general, many studies agree that gemcitabine can induce autophagic flux [27] [28] [29] [30] , although we could not get convincing data that supports such an induction in 6606PDA cells (Fig. 6) . However, it is controversial if gemcitabine-induced autophagy is cytoprotective or cytotoxic for pancreatic cancer cells. On the one hand, two studies have demonstrated that gemcitabine can induce cytotoxic autophagy [27, 28] . These studies relied on 3-methyladenine (3-MA) as an autophagic inhibitor, and it is well documented that 3-MA treatment can also induce autophagy [31] . Thus, several studies and the guidelines suggest that caution should be exercised when interpreting data that rely on 3-MA to block autophagy [20, 31, 32] . On the other hand, many studies have demonstrated that gemcitabine-induced autophagy has a cytoprotective effect in pancreatic cancer cells [7, [11] [12] [13] 33] . The results of the present study are consistent with the concept that the inhibition of autophagy enhances the sensitivity to gemcitabine (Fig. 6) . A randomized phase II trial that is assessing the inhibition of autophagy in combination with gemcitabine and Abraxane is still ongoing (NCT01978184). This trial might clarify if the inhibition of autophagy is beneficial for cancer patients.
So far, no study has investigated the role of LW6 in pancreatic cancer. The present in vitro data demonstrate that LW6 can inhibit proliferation and can induce cell death in pancreatic cancer cells (Fig. 2) . However, LW6 monotherapy leads only to a minor reduction of tumor weight in vivo (Fig. 5C) . Interestingly, the combination therapy of LW6 plus gemcitabine did not only impair the proliferation and viability of cancer cells in vitro (Fig. 3) but also significantly reduced the tumor weight in vivo (Fig. 5C ). Gemcitabine is still the first-line chemotherapy to treat advanced pancreatic cancer. Unfortunately, pancreatic cancer is often refractory to gemcitabine and, therefore, has a poor prognosis. For the first time, the present study demonstrates that LW6 enhances the chemosensitivity to gemcitabine in vitro and in a syngeneic orthotopic pancreatic carcinoma model. In addition, it suggests that LW6 enhances the chemosensitivity to gemcitabine by inhibiting autophagic flux (Fig. 11) . This hypothesis is consistent with several previous studies, which have suggested that blocking autophagy strengthens the tumoricidal effect of gemcitabine [7, [11] [12] [13] . However, it is unlikely that the inhibition of autophagic flux is the only way that LW6 increases the sensitivity to gemcitabine. Regulating other processes, such as tumor immunity [6] and cell metabolism [34, 35] , by LW6 might also enhance the anti-cancer effects of gemcitabine [36] . Thus, it was worth to evaluate the anti-cancer effect of LW6 and LW6 plus gemcitabine in vivo since inhibition of several pathways might be superior to an inhibition of only autophagy.
Although several publications have suggested that the inhibition of autophagy in addition to traditional chemotherapy may be a successful strategy [11, 12] , the following questions still need to be answered: Does the inhibition of autophagy in addition to traditional chemotherapy truly benefit the patient? How do distinct drugs that inhibit autophagy compare to each other in their efficacy? Are some drugs especially useful because they not only inhibit autophagy but also interfere with other physiological processes that regulate cell survival and proliferation?
Conclusions
In conclusion, this study proposes that LW6 may represent a novel drug to inhibit autophagic flux in cancer cells (Fig. 11) . This study also suggests that the combination therapy of LW6 plus gemcitabine might be promising and should, therefore, be evaluated on various cancer entities in preclinical as well as clinical studies.
